Abstract Carbon dots (CDs) were synthesized from various pairs of hydroxylic acids and amines under hydrothermal conditions. Citric acid (CA) was paired with ethylenediamine (EDA) and the methylated analogues, and malic acid (MA), tartaric acid (TA) and mucic acid (MuA) were coupled with EDA. While the CDs from CA with EDA show strong photoluminescence, CA paired with the methyl-capped EDA derivatives gives less photoluminescent nanocarbons with a similar size of *2 nm. The CDs from MA and TA with EDA show emission at shorter wavelengths than those from CA and MuA. The quantum yields of the CDs from CA and MA with EDA increase with the reaction time, which may be explained by modifications of the chemical structures of the CDs.
Introduction
Carbon dots, CDs, which are a kind of photoluminescent nanocarbon, attract much attention because of their excellent properties, such as high quantum yields, high stability and low toxicity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Moreover, CDs can be synthesized by various methods, from a variety of abundant organic compounds at relatively low cost.
It has been established that the doping of nitrogen is crucial for formation of the CDs with high photoluminescence (PL) [12, 13] . The pair citric acid (CA) and ethylendiamine (EDA) has been used as reactants for the pyrolytic and hydrothermal syntheses [14] [15] [16] [17] [18] , where CA and EDA are the carbon and nitrogen sources. It is noteworthy that an extremely high quantum yield of 0.94 is achieved with the pyrolysis of CA and EDA in an autoclave [14] . It was also found that the molecular structures of the amine drastically change the PL properties of the CDs; EDA gives substantially higher quantum yields than other amines such as diethyl-and triethylamines [16] . Although the fact that the reactant molecules containing -OH, -COOH and -NH 2 groups give CDs with high PL has been pointed out [15] , the relation between the structures of the reactant molecules and the physicochemical properties of the CDs is still unclear.
In this work, we have conducted hydrothermal syntheses of CDs from various pairs of hydroxylic acids and amines. The effects of the molecular structures of the acids and amines on the physicochemical properties of the CDs are discussed.
Experimental
CA was purchased from Aldrich. Malic acid (MA), tartaric acid (TA), mucic acid (MuA), anhydrous EDA, N,N-dimethylethylenediamine (DMEDA) and N,N,N 0 ,N 0 -tetramethylethylene-diamine (TMEDA) were purchased from Tokyo Chemical Industries. These reagents were used as received. The chemical structures of these hydroxylic acid and amines are shown in Fig. 1 . Aqueous solutions of the hydroxylic acids and amines were prepared. The concentration of hydroxylic acids was set at 0.5 molÁL -1 , except for MuA (0.1 molÁL
), which has lower solubility in water than other hydroxylic acids. The molar ratio of amines to hydroxylic acids was 2.0 for EDA, and 1.0 for DMEDA and TMEDA. A SUS316 tube-shaped batch reactor with the sample volume of *10 mL was used for the hydrothermal synthesis of CDs. The sample solution was sealed in the reactor, where about 95 % of the reactor volume was filled with the sample solution to avoid biphasic conditions under the liquid-vapor equilibrium at the reaction temperature. The reactors were placed in an oven with a 2 kW heater (Watlow), and heated at 200°C for 1-4 h. After the reaction time, the reactors were taken out of the furnace, followed by cooling at room temperature. The temporal changes of the temperature were monitored with a thermocouple immersed in the solution, and the heating and cooling rates of the sample solution were *30 and *-5°CÁmin , respectively. The recovered solution was dialyzed with a cellulose ester membrane (Spectra/Por, MWCO = 100-500) for 1 day to remove low molecular weight compounds. The resulting solution was filtered through a membrane with a pore size of 0.22 lm to remove solid byproducts. The yield of the CDs was calculated by dividing the vacuum dried weight of the CDs by the sum of the weights of the reactants (hydroxylic acid and amine).
For the spectroscopic analyses, each aqueous solution of the CDs was diluted by 100. The absorption spectra of the CD solutions were measured using a UV-visible spectrophotometer (Jasco, V-550). The PL spectra of the aqueous solutions of the CDs were collected using a fluorescence spectrophotometer (Hitachi High-Technologies, F-2700). The quantum yield of the CDs was determined by the comparative method [19] . A quinine sulfate solution in 0.5 molÁL -1 H 2 SO 4 was used as the reference [20] . A drop of aqueous solution of the CDs was dried on a TEM grid that was pretreated by plasma in vacuum to make the surface hydrophilic. The TEM images of the CDs were obtained with a transmission electron microscope (Hitachi High-Technologies, H-7650). The 1 H and 13 C NMR spectra of the CDs dissolved in D 2 O were measured with spectrometers (JEOL, ECA-600 and ECS-400).
Results and Discussion
As shown in Table 1 , the yield of the CDs from the hydroxylic acids with EDA increases with increasing reaction time, except for those from MuA. The rate becomes gradual at the longer reaction time, indicating that the formation of CDs takes place in the early stage. The decrease of yield for MuA at the longer reaction time may be due to formation of solid byproducts that were not observed for other hydroxylic acids. The TEM images and the size distributions of the CDs from CA with EDA are shown in Fig. 2 . Nanoparticles with diameters of 1-5 nm are observed. The average size of nanoparticles appreciably decreases with increasing reaction time. The decrease of the size of the CDs might lead to narrower distributions, because the experimental lower limit of the size distribution is close to the pore size of the dialyzing membrane (slightly smaller than 1 nm). According to the proposed mechanism of CD formation [17, 18, 21] , polymerization of CA and EDA is considered to be followed by the formation of CDs accompanied by various changes of the chemical structures. Then, the slight shrinkage of the CDs may be caused by detachment of small molecules, for example dehydration, from the CDs.
In Fig. 3 , the absorption spectra of the CDs from CA are shown. The absorption band in the UV region at *340 nm, assigned to the n-p* transition [14, 22] sharply increases with the reaction time due to the formation of CDs. The contour plots of PL intensities of the CDs from CA with EDA are shown in Fig. 4 . The corresponding emission and excitation toward longer wavelength, resulting in wavelength dependent PL emission as reported in the previous works [15, 16, 21, 23] . The red shifts of the emission and excitation spectra are in accordance with the increase of the absorption tail in Fig. 3 . The spectral changes of the PL emission suggest the formation of a carbogenic core which is considered to give emission at longer wavelengths [21] . Because careful fractionation of the CDs by their different surface polarities gives several distinct absorption bands in the visible light region [24] , the red shift may be caused by surface modification of the CDs. For the methylated EDAs (DMEDA and TMEDA), the intensity of the absorption band at *330 nm becomes substantially smaller than those from EDA as shown in Fig. 3 . However, the formation of nanoparticle with the size of about 2.0 nm was confirmed by the TEM (see Fig. S-2 in Supporting Information). Moreover, the yield of the nanocarbon is only slightly smaller than those from EDA as is shown in Table 1 . According to the proposed mechanism [18] , the polymerization and subsequent nanoparticle formation are expected to be suppressed by using the capped EDA. However, in the present study, similar nanocarbons are formed without drastic decrease of the yield, whereas the PL is quite suppressed. Thus, it is suggested that the formation of fluorophore is suppressed by capping of the amino groups. The absorption spectra of the CDs from MA, TA and MuA are shown in Fig. 5 . The intensity of the absorption bands in the UV region increases with the reaction time, suggesting formation of CDs. For the CDs from MA, TA and MuA, CDs with the average size of about 2.0 nm are also confirmed by the TEM observation (see Fig. S-3 Supporting Information). The CDs from MA and TA show emission at *400 nm under the excitation at 300-350 nm, and the emission intensity monotonously decreases at longer excitation wavelengths. The PL emission of the CDs from MuA is located at *400 nm, accompanied by the emission at longer wavelength (*460 nm emission under *380 nm excitation), which is similar to that observed for the CDs from CA with EDA. The quantum yield (U 366 ) of the CDs from CA with EDA sharply increases with the reaction time as is shown in Table 1 . The quantum yield of the CDs from MA also increases with reaction time, while those from TA remain low even for the longer reaction times. The reaction time dependence of the quantum yield may be explained by the gradual Table 2 . The hydrogen and oxygen contents appreciably decrease with the reaction time, which may be explained by dehydration of the CDs during heating. The modification of the chemical structure is also evidenced by the NMR spectra in Figs. 7 and 8 . The growth of the signals due to the aromatic and olefinic protons indicates formation of sp 2 carbons. The CH 2 protons in CA and MA (d * 2.5 ppm) and in EDA (d = 3.2 ppm) seem to be converted to the CH 2 and CH protons observed as the complicated signals at *3 ppm, which is consistent with the spectral changes of the 13 C NMR spectra at *40 ppm. The FT-IR spectra of the CDs (Fig. S-5 in Supporting Information) indicate the persistence of the OH group (3340 cm -1 ) which is responsible for hydrophilicity of the CDs. A peak due to the C=O stretching mode is observed at 1710 cm -1 and the spectral shape in the N-H bending region (*1550 cm -1 [22] ) shows appreciable change with the reaction time, suggesting structural modification in the vicinity of the amino group. Although the reaction mechanism is not clear, these spectral changes may be caused by various reactions such as amidation and dehydration during the inclusion of N atoms into the CDs.
Conclusion
Hydrothermal synthesis of CDs from various hydroxylic acids and amines was conducted. The quantum yield of the CDs from CA with EDA increases with the reaction time, while the addition of the methylated EDA derivatives instead of EDA gives fewer or no photoluminescent nanocarbons with similar size but without lowering the yields. Other hydroxylic acids with EDA give CDs, though the quantum yields are lower than those from CA with EDA. In spite of the variation of the chemical structures of the reactant molecules, similar nanocarbons are obtained without affecting the yields, suggesting that the modifications to form the fluorophores in the CDs during heating are responsible for the PL properties of CDs.
